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Abstract Microinjection molding of polymer composites
with carbon nanotubes (CNT) requires previous
production of the nanocomposites, often by melt
extrusion. Each processing step has a thermo-mechanical
effect on the polymer melt, conveying different properties
to the final product. In this work, polyamide 6 and its
composites with pristine and functionalized CNT (f-CNT)
were processed by a mini twin-screw extrusion, followed
by microinjection molding. The morphology induced on the polymer by each process was analyzed by differential scanning
calorimetry and wide angle X-ray diffraction. Calorimetric analysis showed a secondary crystallization for the microinjected
materials, absent for the extruded materials. The characterization of microinjected polyamide 6 by X-ray diffraction revealed a
large contribution of the c phase to the total crystallinity, mainly in the skin region, while the nanocomposites and extruded
materials were characterized by a larger contribution of the a phase. Functionalization of CNT did not affect significantly the
polymer morphology compared to composites with pristine CNT.
Keywords Nanocomposite, Polymer–matrix composites (PMCs), Physical properties, X-ray characterization, Injection molding,
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Introduction
Composites with polymers and carbon nanotubes (CNT)
have been attracting the attention of research and industrial
communities. The excellent electrical/thermal conductivity
and high mechanical properties of CNT coupled with their
nanoscale size and low density classify them as ideal one-
dimensional polymer reinforcement to generate nano-
composites with a wide range of potential applications.1–4
With the increasing demand for small and even microscale
parts for CNT/polymer composites, microinjection molding
(mIM) became particularly desirable considering its large-
scale production ability and low production cost.
During mIM, the polymer melt is subject to a complex
thermo-mechanical history due to high injection pressure,
high shear, high cooling rate, and very short cycle time that
may affect the properties of the microparts (mP).5–7 Besides
these harsh processing conditions, the properties of the
matrix may change due to the presence of the CNT that
exhibit very large surface area, and may disturb the polymer
ﬂow, molecular orientation, and crystallization.
Polyamide 6 (PA6), a semicrystalline polymer, exhibits high
mechanical performance, good processability, and chemical
resistance and is widely used in industry. Its physical and
mechanical properties depend considerably on the crystalline
structure and on the degree of crystallinity.8 The PA6 displays
polymorphism, as it may crystallize in two different phases,
the a- and g-phase. In general, g-phase is formed during fast
cooling and low temperature crystallization, while slow cool-
ing promotes the formation of the a-phase.9,10
Few studies are reported in the literature concerning the
crystallization behavior of PA reinforced with CNT.11–13 These
nanocomposites seem to present different characteristics
from those incorporating clays, the latter favoring the for-
mation of the g-phase.14,15 It is reported that the CNT may
act as nucleation agents, favoring the formation of the a
phase of PA6, inducing an increase in the crystallization
degree,11–13 and the development of a second crystallization
peak in nanocomposites observed by differential scanning
calorimetry (DSC) studies.10,12,16 Coleman et al. report that a
crystalline layer forms around the nanotubes that, combined
with good interfacial adhesion, enhances the mechanical
properties.17 However, other works report that high CNT
concentrations, mainly with functionalized CNT (f-CNT) with
a stronger compatibility with PA6,18,19 hinder the mobility of*Corresponding author, email mcpaiva@dep.uminho.pt
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PA6 chains, delay the crystal growth and thus lead to the
decrease of crystallinity relative to neat PA6.20–23
Limited literature is found concerning the crystalline
characteristics of mP of neat polymers24–27 and polymer/CNT
nanocomposites.22,23 Only recently, Abassi et al28 reported the
effect of the processing method on the crystallinity of nano-
composites and concluded that compression, mIM, and mIM-
compression do not dramatically inﬂuence the crystallinity.
The present work focuses the study of extruded and mIM
PA6/CNT nanocomposites with pristine and f-CNT. The pro-
duction of mIM composite parts typically requires two pro-
cessing steps, the ﬁrst for compounding, usually by
extrusion, and then the mIM. These two melt processing
methods are characterized by quite different process par-
ameters, in particular the level of shear stress applied to the
melt, its temperature, and cooling rate. These process
dissimilarities may induce different states of nanoparticle
dispersion and different polymer morphology, considerably
affecting the ﬁnal composite properties. Previous work by
the authors reported the detailed study of the dispersion of
CNT in extruded and mIM PA6 composites.29 The production
conditions of these nanocomposites as well as the nano-
composites mechanical and electrical characterization was
reported there. Considerable differences in CNT dispersion
were observed after extrusion and mIM, while CNT functio-
nalization displayed a smaller inﬂuence.29 These effects were
observed to affect the mechanical and electrical properties
of the resulting composites. The question remains about the
magnitude of the inﬂuence of the processing method on the
PA6 nanocomposites morphology developed. Wide angle
X-ray diffraction analysis (WAXD) and DSC studies performed
on extruded and mIM PA6 showed orientation effects at the
skin of mIM parts as well as a predominance of the g crys-
talline form, and lower overall crystallinity compared to
extruded PA6.27 The present work reports a detailed study of
the PA6 morphology developed in the nanocomposites with
low and high CNT and f-CNT content (1 and 4.5wt-%,
respectively), after extrusion and after mIM investigated by
DSC and WAXD.
Experimental methods
Materials and sample preparation
Polyamide 6 used in this study was Badamid® LA70 K. The
CNT used were NC7000 from Nanocyl, and were functiona-
lized by 1,3-dipolar cycloaddition reaction, as reported
elsewhere.30 The reaction was carried out under solvent-free
conditions, inducing the thermal decomposition of paraf-
ormaldehyde into formaldehyde in the presence of N-ben-
zyloxycarbonylglycine at 250°C for 3h. The 1,3-dipole formed
may react with the CNT surface, yielding pyrrolidine-f-CNT.30
The PA6/CNT composites containing 1 and 4.5wt-% of as-
received CNT (p-CNT) and f-CNT, designated by P1, F1, P4.5,
and F4.5, respectively, were prepared via melt-mixing using a
mini twin-screw extruder prototype. The neat PA6 was also
extruded under similar conditions. The extruded rod was
cooled in water at room temperature and then pelletized.
Finally, the pelletized and dried extrudate was mIM as
described in previous work29 to form millimeter-scale
‘dog-bone’ shaped bars with 300mm thickness, using a Boy
12 microinjection molding machine.
Composite characterization
Morphology
Samples of extruded and mIM PA6/p-CNT and PA6/f-CNT
nanocomposites were cryogenically fractured under liquid
nitrogen. The cryo-fractured surfaces were sputtered with a
thin layer of palladium–gold and observed by scanning
electron microscopy (SEM) on a FEI Quanta 400 FEG ESEM.
Differential scanning calorimetry
Differential scanning calorimetry analysis was performed
under nitrogen ﬂow in the temperature range of 30–250°C
on a Perkin Elmer Diamond Pyris equipment. The mIM
samples were cut in the central region of the tensile speci-
men. Samples were heated to 250°C and held at that tem-
perature for 2min to remove any previous thermal history
and then cooled from the melt to 30°C. The scanning rates
for heating and cooling during DSC measurements were set
at 10°Cmin−1. For PA6/CNT nanocomposites, the equation
used to calculate the polymer degree of crystallinity (wc) was
corrected to account for the CNT weight fraction, as rep-





Where f is the weight fraction of CNTs in the composite, DHf
is the heat of fusion of the analyzed sample (Joule per gram),
and a DH0f value of 188 J g
21 was used for PA6.31
Wide angle X-ray diffraction
X-ray diffraction patterns were recorded using a CCD Bruker
APEX II using graphite monochromatized Mo Ka radiation
(l50.0711 nm). Microinjection molding specimens of
nanocomposite samples were mounted vertically and ana-
lyzed across the overall thickness in the center area, as
previously described.27 Additionally, mIM specimens of the
same samples were ﬁne-polished with 600 mesh sandpaper
to remove a layer of 50–60 mm thickness on each side of the
1 mm wide specimen surface, referred to as `mIM core,' were
also analyzed. Extruded samples, in the form of a continuous
rod with approximately 500 mm thickness, of the same
nanocomposites above were cut perpendicularly to the
extrusion direction and ﬁxed in the beam path using tape.
Background scattering was acquired and subtracted from
the samples scattering patterns. The sample plane was ﬁxed
perpendicular to the X-ray beam and positioned at 70 mm
from the CCD detector. The diffraction patterns were
acquired using 30 and 10 s collection times for microinjected
and extruded samples, respectively.
From the XRD data, quantitative evaluations of the two
crystalline forms content were obtained by curve ﬁtting of
the integrated intensity proﬁles. Two Gaussian functions
were used for the a phase, two for the c phase, and one for
the amorphous halo, and ﬁtted against the integrated
intensity proﬁle to calculate the area of each peak.
Orientation was calculated at the c2, a1, and a2 peaks
position based on the azimuthal distribution of intensity
using POLAR software.32
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Results and discussion
Dispersion of carbon nanotubes in polyamide 6
The dispersion of p-CNT and f-CNT in PA6 was quantitatively
assessed in a previouswork29 that revealed an inﬂuence of CNT
functionalization, and an even more pronounced effect of the
processing method. Hence, the mIM step performed after
composite extrusion improved the level of CNT dispersion, with
a stronger effect on f-CNT. This effect was not systematically
observed for the extruded composites. The expected role of the
cyclic amine bonded to the CNT surface was to increase the
CNT/polymer interfacial strength through hydrogen bonding.
Covalent bonding of the cyclic amine and carboxylic end-
groups of the PA6 may also take place under melt processing
conditions. SEM images of cryo-fractured nanocomposite sur-
faces, presented in Fig. 1, illustrate the PA6/p-CNT and PA6/f-
CNT interface. The white spots correspond to nanotube ends
that were pulled out of the PA6 matrix. f-CNT appear to be
better wet by the PA6 matrix compared to p-CNT, considering
the shorter CNT pull-out length, regardless composition.
Differential scanning calorimetry
The inﬂuence of p-CNT and f-CNT on the crystallization and
melting behavior of PA6 processed by extrusion and by mIM at
two different CNT concentrations was investigated by DSC.
Figure 2 shows the DSC curves of pure PA6 and PA6/CNT
nanocomposites during heating above the melting tempera-
ture to study the effect of thermal history induced during
processing on the extruded and mIM nanocomposites.
The temperature of highest heat ﬂow (Tm) and the
enthalpy of fusion (DHf), during melting, and the crystal-
lization temperature (Tc) and the enthalpy of crystallization
(DHc), during cooling, were measured. The xc was calculated
from the enthalpy of fusion (DHf) according to equation (1).
The results obtained are presented in Table 1.
The melting temperature, determined from the melting
peak is similar for PA6 and PA6/CNT nanocomposites for
both processing techniques, and all materials start melting
near 203 ³C. The major difference is that mIM PA6 presents a
small secondary crystallization peak starting near 190 ³C. This
secondary crystallization was observed as well for the mIM
composites, particularly with low CNT content. Secondary
crystallization may be associated to the presence of micro-
crystals formed under the mIM shear stresses, which crys-
tallize during sample heating.33 It may also be associated to
the conversion from c to a phase during heating, as reported
by Xie et al.34 The heat of fusion and corresponding crys-
tallinity reported in Table 1 for PA6 and the composites with
1 wt-% of CNT were corrected for the occurrence of the
secondary crystallization. This effect is considerably smaller
for the samples with high CNT content, for which this cor-
rection could not be applied. The DSC measurements of the
mIM samples are affected by this secondary crystallization,
making it difﬁcult to correctly quantify the overall crystal-
linity of these samples. More accurate crystallinity measure-
ments will be obtained by WAXD, as they are performed
without perturbation of the polymer crystalline structure.
The effect of mIM on the degree of crystallinity, as measured
by DSC, is shown in Table 1. It was observed that the mIM
process does not considerably affect the overall degree of
crystallinity of the nanocomposites, in agreement with other
results reported in the literature.22,23 The effect of CNT
addition slightly increased the overall degree of crystallinity
measured by DSC, but the effect was not substantial.22
The effect of nanotube loading on the crystallization of
PA6/CNT nanocomposites was examined by DSC after
eliminating the thermal history, i.e. after melting and holding
the temperature for 2 min. Figure 2 shows the DSC ther-
mograms recorded during controlled cooling of extruded
and mIM samples of p-CNT and f-CNT at two nanotube
loadings. It was observed that cooling of PA6 under quies-
cent conditions originates a single crystallization peak with
maximum intensity near 193 ³C, while PA6/CNT nano-
composites display a crystallization process that starts at a
higher temperature, approximately 209 ³C, and has a second
and more intense peak near 197 ³C. A similar behavior is
Figure 1 SEM micrographs of the composites with 1 and 4.5wt-% of pristine and functionalised carbon nanotube (p-CNT
and f-CNT) (designated as P1, F1, P4.5, and F4.5) obtained for extruded and microinjection molding (mIM) samples. All the
SEM images have the same scale as the first
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observed either for extruded or mIM composite samples.
These observations demonstrate the homogeneity of the
crystallization process in pure PA6 (under quiescent con-
ditions) and the role of the large graphite-like surface of the
CNT that assist the crystallization process, inducing it at
higher temperature. This effect is more evident for the
higher CNT content composites. Table 1 show that the
incorporation of CNT results in a rise of Tc for all nano-
composites, and that this increment is similar for all nano-
composites, extruded or mIM. PA6 crystallization temperature
interval is wider for all nanocomposites than for PA6 alone.
This behavior of PA6 in the presence of CNT was reported
before,10,12,13 and was interpreted in two different ways. The
CNT surface may induce crystallite growth perpendicular to
the CNT axis leading to the development of tran-
scrystallinity,12,35 while away from the CNT crystal growth
occurs in the bulk polymer. Another interpretation, by Phang
et al,10 explains the double crystallization peak simply as a
two-step crystallization of a phase.
Wide angle X-ray diffraction
WAXD patterns and the corresponding integrated intensity
proﬁles obtained for the extruded and mIM samples are pre-
sented in Fig. 3. The integrated intensity proﬁles demonstrate
that the c crystalline form predominates in the mP of PA6,
while the contribution of the a form dominates in the mIM
Figure 2 Differential scanning calorimetry (DSC) thermograms of PA6 and PA6 with pristine and functionalised carbon nano-
tube (p-CNT and f-CNT) for extruded and microinjection molding (mIM) nanocomposites, under controlled heating and cooling
from the melt
Table 1 Melting and crystallization characteristics of the
extruded and microinjection molding (mIM) PA6
and nanocomposites
Heating Cooling
Sample Tm (8C) xc (%) Tc (8C) DHc (J g
21)
Extruded PA6 223 30.7 193 57.8
P1 223 31.2 197 208 60.6
F1 222 34.3 197 – 77.2
P4.5 222 30.3 197 211 59.9
F4.5 223 32.5 198 210 60.0
mIM PA6 222 25.5 193 69.8
P1 222 30.2 197 209 50.8
F1 222 32.9 198 208 53.9
P4.5 221 30.7 197 209 46.9
F4.5 221 37.1 197 208 53.9
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nanocomposites, and all extruded samples. Orientation effects
are observed for all mIM samples.
The orientation of the crystalline reﬂections was deter-
mined using POLAR software performing the analysis on the
2D intensity data. The measured intensities were decom-
posed in two components, one isotropic and another ani-
sotropic. The Hermans orientation factors, fz,
36 calculated
on the anisotropic intensity component, are presented in
Table 2 for the mP (mIM), its core region (mIM core), and for
the extruded sample (extrusion) for all compositions.
All mIM samples present considerable orientation, higher for
the data collected on the overall sample thickness compared
to the data from the core region alone. The extruded samples
do not show signiﬁcant orientation. Orientation slightly
decreases with CNT content and functionalization. Comparing
the orientation factors obtained for the overall sample and
the core, the results evidence a larger difference between
these values for PA6 compared to the high and low
loading nanocomposites. For the high-loading composites,
no appreciable difference is measured for core and overall
sample orientation. The orientation effect for the mIM
samples at the core region increases when CNTs are present.
This effect may relate to CNT orientation along the ﬂow during
mIM, inducing oriented crystalline growth upon cooling.
The crystallinity calculated from the WAXD results for the
nanocomposite samples is lower compared to pure PA6
sample, regardless of the processing technique or the region
of measurement (Fig. 4). The results for the mIM samples also
show a marked difference for the proportion of c and
a phases, the c phase is dominating in the pure PA6 sample,
while for all composites, the a phase is more abundant. The
c phase content is similar for all the composites samples
except the overall mIM composite with 1 wt-% p-CNT that
displays higher c-phase content, as can be observed in Fig. 4.
The extruded material shows in general lower c phase
content along with higher total crystallinity compared to the
mIM samples, and thus a larger a-phase to c-phase ratio.
Carbon nanotubes functionalization favors a slightly
higher overall crystallinity for both the extruded and mIM
nanocomposites.
Figure 3 Wide angle X-ray diffraction (WAXD) patterns and integrated intensity profiles of extruded a and microinjection
molded b samples
Table 2 Hermans orientation factors* calculated for microparts (mP) and extruded PA6 samples
Samples Microinjection molding (mIM) mIM core Extrusion
PA6 20.2021 (c2) 20.1165 (c2) 20.0695 0.0723
P1 20.2425 20.2794 20.1854 20.2288 0.1329 20.095
P45 20.2183 20.2171 20.1799 20.1648 0.0196 0.0112
F1 20.2081 20.2047 20.1990 20.1829 20.0455 20.0570
F45 20.1815 20.1651 20.1643 20.1958 20.0162 0.1258
*The Hermans orientation factor ranges from 20.5 to 1.0, corresponding to fully oriented crystalline planes perpendicular and
parallel to the reference axis, respectively. A value of zero corresponds to random orientation. Except otherwise indicated, the
orientations were calculated at the a1 and a2 peaks, 2h ¼ 20.258 and 23.268, respectively. The values marked as c2 were calculated
using the c2 peak at 2h ¼ 21.258.
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The overall higher crystallinity observed for the extruded
compared to mIM composites and PA6 may be associated to
lower cooling rate induced by the former process, thus
allowing longer crystallization time. The lower c-phase con-
tent observed for the extruded materials strengthens this
hypothesis. While the extruded polymer and composite rod
has a diameter larger than 2 mm, the mP thickness is
300 mm, and cooling occurs in close contact with the cooled
and highly thermally conductive mold wall.
Regardless of the processing method, the crystallinity
measured by WAXD is lower for the nanocomposites com-
pared to pure PA6. This effect may be associated to the high
thermal conductivity of the CNT that may reduce the cooling
time of the nanocomposites.
Conclusions
Differential scanning calorimetry and wide angle X-ray
diffraction were successfully used to analyze the mor-
phology induced by the processing method in PA6 and
PA6/CNT composites for extrusion and microinjection
molding.
Differential scanning calorimetry analysis showed that mIM
samples with low CNT content presented a secondary crys-
tallization process at a temperature just below the onset of
the melting peak, which was not observed for the extruded
materials. Controlled cooling of the PA6 and composite
melts revealed the important differences in the crystal-
lization process in the presence of CNT, which induced
crystallization at higher temperature.
The overall crystallinity measured by wide angle X-ray dif-
fraction was considerably higher for the extruded materials
compared to the corresponding mIP, and themain contribution
to this differencewas the larger amount ofa-phase crystallinity.
The c-phase contributionwas similar for thematerials obtained
by both the processing methods (slightly smaller for the
extruded material).
The major morphological dissimilarity between extruded
and mIM materials was observed for PA6 without CNT. The
mIM PA6 developed a large fraction of c-crystalline phase,
mostly at the sample skin region. This effect was not observed
for the nanocomposites, either with p-CNT or f-CNT.
Functionalization of the CNT did not affect the polymer
morphology, inducing the formation of a marginally larger
amount of a phase compared to p-CNT.
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